ing is critical for the information transfer across the juxtaglomerular interstitial space. The results confirm the notion that adenosine generation is necessary for the vascular response. Furthermore, they strongly suggest that adenosine is formed in the extracellular space by nucleotide hydrolysis. While the data from Castrop et al. only directly invoke 5′-AMP as an adenosine precursor, it is not farfetched to assume that adenosine is the hydrolysis product of ATP and that its formation rate may well be modulated by varying levels of ATP. In this case, rather than being mediated by ATP or adenosine along alternative pathways, tubuloglomerular feedback may be the result of successive involvement of both ATP and adenosine. This may serve as a reminder that in long-standing scientific controversies, it is perhaps more the rule than the exception that both sides reflect part of the truth, and that the solution lies in combining these parts of the truth into a coherent picture.
Why does diabetes increase atherosclerosis?
I don't know! Epidemiological data has firmly established the correlation between coronary heart disease and both type 1 and type 2 diabetes mellitus. Is the acceleration of atherosclerosis with insulin deficiency and insulin resistance due to defective insulin actions, hyperglycemia, or some other process that is present in diabetic patients? Several major glucose-lowering trials in type 1 (1) and type 2 diabetic (2) patients that showed reductions in microvascular complications failed to achieve significant reduction in macrovascular events. One hypothesis to explain these trial results is that metabolic abnormalities associated with diabetes, and not overt hyperglycemia per se, accelerate macrovascular complications. Support for this comes from the observation that coronary heart disease is increased in prediabetic patients (3): people who have several metabolic abnormalities associated with type 2 diabetes but who do not have fasting hyperglycemia or elevated glycosylated hemoglobin. Another possibility is that the clinical trials were insufficient in intensity or duration to have an impact on the disease process in subjects with multiple risk factors. Recently, a 6-year follow-up study showed that type 1 patients receiving more intensive insulin therapy had significantly fewer coronary artery calcifications assessed by electron beam CAT scan and carotid artery intimal/media thickness (4). Thus, as has been surmised for many years, the degree of hyperglycemia has an impact on arterial, as well as capillary, pathology. Cellular and animal experimentation has been used to study the mechanisms linking diabetes and atherogenesis; however, our understanding of diabetes-induced accelerated vascular disease is still incomplete. Diabetes-specific and more general causes of atherosclerosis are shown in Figure 1 .
Animal models of diabetes and atherosclerosis
For more than fifty years, researchers have attempted to create an animal model in which the human association of diabetes and accelerated atherosclerosis is reproduced. Administration of alloxan induced diabetes in rabbits; however, when these rabbits were fed an atherosclerosis-inducing high cholesterol diet, the effect on the diabetes was the opposite of what was expected. Diabetic rabbits had less atherosclerosis than the non-diabetic animals (5).
Eventually the results of this experiment were understood when it was discovered that the large, lipid-rich particles produced by the intestines of the diabetic rabbits were unable to penetrate the vascular wall and provide the lipid environment needed to initiate the atherosclerotic process (6). Therefore, even if diabetes promotes inflammation, without vascular lipid deposition, there is no atherosclerosis.
Mouse models of diabetic macrovascular disease
Although the literature is not lacking in papers showing in vitro and in vivo effects of hyperglycemia that are thought to be deleterious, studies showing direct effects of hyperglycemia on either the quantity or quality of animal atherosclerosis are limited. Mice can be made hyperglycemic. They develop advanced glycation end-products (AGEs) and have receptors that interact with these glucose-modified proteins. Both insulin resistance and insulin deficiency can be produced in the mouse. However, the impact of hyperglycemia on diabetic macrovascular complications is uncertain. For this reason, developing mouse models of diabetes-accelerated atherosclerosis is the focus of a current NIH-funded program (see http://www.amdcc.org/). Diabetes accelerates atherosclerosis in a number of atherosclerotic-prone mice strains, but in many of these models the diabetes also causes greater hyperlipidemia (7) (8) (9) (10) . In contrast, diabetes without greater hyperlipidemia did not increase atherosclerosis in LDL receptor-knockout (11, 12) and apoB-transgenic (8, 13) mice. Thus, the independent effect of hyperglycemia on vascular lesions in the mouse, if it does occur, has not been shown. In an early study, diabetes increased vascular smoothmuscle cell proliferation, perhaps a harbinger of atherosclerosis, but only in one strain of mice (14) .
Could it be that the models used to create diabetes were inappropriate? Maybe the mouse is genetically resistant to diabetes-induced macrovascular complications. Despite more than a decade of research using this model, mouse atherosclerosis might be dissimilar enough from human disease that it is not altered by the same stimuli.
Many animal models of diabetic complications have used either chemical destruction of islets with streptozotocin or genetic modifications, such as loss of leptin actions. Although both models are useful, there is always uncertainty as to whether other systemic effects could occur. Most recently, for example, loss of leptin action in db/db mice, which have a defect in leptin receptors, was associated with decreased restenosis in a vascular injury model (15) . This experiment suggested that the db/db model reflects effects of leptin on the vasculature that are independent of diabetes.
A new model of murine diabetic macrovascular disease
The paper by Renard et al. in this issue of the JCI is one of the few that contain data showing direct macrovascular effects of diabetes (16) . Diabetes was created in LDL receptor-knockout mice using viralinduced autoimmune destruction of the pancreatic islet cells. The diabetic mice had greater atherosclerosis when fed the lowcholesterol diet. In an effort to verify that this increase in early lesions resulted from diabetes and not an associated toxic effect of viral destruction of islets, Renard et al. treated mice with insulin. This corrected the hyperglycemia and insulin deficiency and reduced the size of early lesions in chow-fed mice. Thus, lesion initiation was clearly increased by induction of diabetes.
Does the diabetes also alter more advanced and more human-like lesions in this model? Although diabetic mice fed a cholesterol-containing diet had greater lesion size, the effects of the diabetes exclusive of lipid abnormalities were less apparent (12) . This was because, as in several previous models, the diabetic mice had more severe hyperlipidemia. When one compares lesion size in control and diabetic mice with similar cholesterol levels, effects other than the hyperlipidemia are no longer apparent.
Figure 1
Potential causes of diabetes-induced macrovascular disease. The presence of increased conventional risk factors in patients with diabetes is surely one reason for greater atherosclerosis (18) . In some animal models, diabetes-induced hyperlipidemia occurs and may mask toxic effects of hyperglycemia that confer diabetes-specific risk. Among these effects may be the development of increased levels of AGEs, toxic intracellular reactions to glucose secondary to the production of increased reactive oxygen species (19) , and multiple effects on the production of matrix proteins and the biology of cells within the vessel wall.
Why is this? Although measurements of lesion area might have reached a plateau, this did not appear to be the case. Perhaps, the toxic effects of severe hyperlipidemia overwhelmed the other effects of diabetes. A similar situation might exist in some human populations in which the development of vascular events is more correlated with lipid profiles (increased LDL and reduced HDL) than glucose control as measured by hemoglobin A1C (17) .
Advanced lesions in the diabetic mice had greater amounts of arterial hemorrhage (16) . A common final event leading to myocardial infarction in humans is the rupture of a plaque, followed by arterial thrombosis. It is unclear whether similar unstable lesions can be created in mice. Perhaps the intra-arterial bleeding found by Renard et al. was due to plaque rupture even though the vascular wall disruption was not apparent on pathological examination. Other possibilities are that vessels from diabetic mice are more friable or their blood is less able to clot. Whether the formation of lesions in mice is comparable to processes in humans is not yet clear.
Is there something missing in the diabetic mouse? Renard et al. have used a nonchemical method to produce a mouse model of insulin-deficient diabetes (16) . This model is associated with larger vascular lesions in mice on chow diets and suggests that diabetes increases lesion initiation. In addition, the investigators have described a novel pathological observation, greater hemorrhage into advanced lesions. Unfortunately, we are still lacking a model in which diabetes, either due to insulin resistance or insulin deficiency, uniformly
